Hepatic adenomas are strongly linked to excess hormonal exposure, but little else is known about their pathogenesis. The Wnt signaling pathway, which is activated in both hepatocellular carcinomas and hepatoblastomas, has not been studied in hepatic adenomas. Fifteen hepatic adenomas were studied by immunohistochemistry for estrogen, progesterone, and androgen receptors (ER, PR, AR, respectively) and correlated with the results of immunostaining for ␤-catenin. Direct sequencing was performed to look for mutations in key genes involved in the Wnt signaling pathway: Exon 3 of ␤-catenin encompassing the glycogen synthase kinase 3␤ (GSK-3␤) phosphorylation region and the mutational cluster region of the adenomatosis polyposis coli protein (APC). Analysis for loss of heterozygosity (LOH) at chromosome 5q was also performed. Immunostaining for both ER and PR was present in 11/15 (73%) adenomas, and staining with one hormone receptor was positively associated with staining for the other receptor. AR positivity was present in 3/15 cases. Nuclear accumulation of ␤-catenin was present in 7/15 (46%) of adenomas, indicating activation of the Wnt signaling pathway. However, no ␤-catenin mutations, no APC mutations in the mutational cluster region, and no 5q LOH were detected. Two APC polymorphisms of unknown significance were seen. No clear association between ␤-catenin nuclear accumulation and hormone receptor positivity was discerned. Activation of the Wnt signaling pathway appears to be important in a subset of hepatic adenomas but does not result from common ␤-catenin or APC mutations and does not appear to be directly linked to hormonal receptor status.
Hepatic adenomas are benign hepatocellular neoplasms that are seen in noncirrhotic livers. Almost all hepatic adenomas arise in one of three clinical settings: (1) reproductive age women, usually with a history of oral contraceptive pill (OCP) therapy (1), (2) excess androgen exposure such as in patients on androgen steroid therapy for Fanconi's anemia (2, 3) , and (3) glycogen storage disease Types I and III (4) . Rare cases of hepatic adenomas have also been reported in a number of other clinical settings. Overall, hepatic adenomas are most commonly found in women with a history of OCP use, underscoring the importance of hormonal excess in the development of adenomas, a causal role that has been strongly supported by epidemiological studies (5) . However, the data on sex steroid receptors in hepatic adenomas have been inconsistent, with studies reporting both the presence and absence of receptors using both chemical (6, 7) and immunohistochemical analysis (8, 9) . The largest reported study using immunohistochemistry found sex hormone receptors in only one third of adenomas (8) .
Beyond the link with excess sex hormones, very little is known about the pathogenesis of hepatic adenomas. One candidate pathway is the Wnt signaling pathway, which tightly regulates ␤-catenin levels through a degradation pathway in which adenomatosis polyposis coli (APC) and Axin I proteins bind to ␤-catenin, leading to its phosphorylation by GSK-3␤ and degradation through the proteosome system. When the Wnt signaling pathway is activated, ␤-catenin accumulates in the nucleus, where it can be detected by immunohistochemical staining. Multiple separate lines of evidence suggest a possible role for the Wnt signaling pathway in the pathogenesis of hepatic adenomas. First, mutations in genes encoding key proteins in the Wnt signaling pathway have been described in other hepatic neoplasms, all of which lead to constitutive activation of the Wnt signaling pathway: ␤-catenin (10 -12) and APC (13, 14) in hepatoblastomas; ␤-catenin (15) (16) (17) (18) (19) (20) (21) (22) and Axin I (23) in hepatocellular carcinomas. Secondly, rare hepatic adenomas have been reported in children with germline APC mutations (14, 24) . Finally sex steroid hormones including estrogen, progesterone, and androgens have all been shown to affect cellular levels of ␤-catenin in other organ systems (25) (26) (27) .
The first goal of this study was to evaluate hepatic adenomas for activation of the Wnt signaling pathway as evidenced by nuclear accumulation of ␤-catenin, followed by examination of the two genes of the Wnt signaling pathway most commonly mutated in other hepatocellular neoplasms through direct sequencing of Exon 3 of ␤-catenin and the mutational cluster region APC. The second goal of this study was to confirm the presence of sex steroid receptors in hepatic adenomas using immunohistochemistry and to explore any relationship between activation of the Wnt signaling pathway and the presence of sex steroid receptors.
MATERIALS AND METHODS

Case Selection
Fifteen cases of hepatic adenomas resected between 1991 to 2001 were retrieved from the archives of the Johns Hopkins Department of Pathology under appropriate institutional review board protocol. Cases were selected to include only women with no evidence for familial adenomatosis polyposis or glycogen storage disease. All of the women were premenopausal, with the exception of one patient with a history of OCP exposure who had underwent a hysterectomy and bilateral salpingo-oophorectomy and was on estrogen replacement therapy at the time of resection. Histological sections were obtained from formalin-fixed, paraffin-embedded tissues, and all cases were retrospectively reviewed to confirm the diagnosis of hepatic adenoma.
Immunohistochemistry
The following stains were performed after steam antigen retrieval: ␤-catenin (1:500 dilution, Becton Dickinson Transduction Laboratories, Lexington, KY), estrogen receptor (1:40 dilution, DAKO, Carpinteria, CA), progesterone receptor (1:60 dilution, DAKO), androgen receptor (1:40 dilution, DAKO). The percentage of hepatocyte nuclei with positive staining was scored on a scale of 0 to 4 (0 ϭ none or only exceptionally rare positive nuclei, 1 ϭ 1 to 25% positive nuclei, 2 ϭ 26 to 50% positive nuclei, 3 ϭ 51 to 75% positive nuclei, and 4 ϭ 76 to 100% positive nuclei. In cases with patchy positivity, the percentage of positive nuclei in the positive patches was scored.
Mutational Analyses
DNA was extracted by microdissection of 5-mthick, hematoxylin and eosin-stained slides from formalin-fixed, paraffin-embedded tissue. Both neoplastic and nonneoplastic liver (available in all but one case) were separately microdissected, and genomic DNA was extracted as described elsewhere (28) .
Oligonucleotide primers (Table 1) were selected to amplify Exon 3 of ␤-catenin, which encompasses the region for GSK-3␤ phosphorylation, and the mutational cluster region of the APC gene. Polymerase chain reaction (PCR) was performed in 35-L volumes using a PCR master mix (Boehringer Mannheim, Mannheim, Germany) with 1 M of both 5' and 3' oligonucleotides for 40 cycles. For ␤-catenin, the following conditions were used: 94°C for 1 minute, 58°C for 1 minute, and 72°C for 1 minute. Frozen tissue was available in four cases, and a fragment spanning the entire length of Exon 3 was amplified to detect large interstitial deletions as described elsewhere (28) . For APC, the following conditions were used for DNA amplification: 94°C for 1 minute, 55°C for 1 minute, and 68°C for 2 minutes. PCR products for both ␤-catenin and APC were then purified using shrimp alkaline phosphatase and exonuclease I (Amersham, Buckinghamshire, United Kingdom) and directly sequenced using internal primers for ␤-catenin and the same primers used for DNA amplification for APC with the SequiTherm Excel II DNA Sequencing Kit (Epicentre, Madison, WI), for both the sense and antisense directions.
Allelic Loss on Chromosome 5q
Loss of heterozygosity (LOH) on 5q was evaluated by PCR amplification of three microsatellite markers (D5S299, D5S346, D5S82) as described elsewhere (28) . LOH was defined as disappearance or a reduction of Ն50% in the intensity of a heterozygous band.
RESULTS
Clinical and Demographic Information
The patients had an average age of 35 Ϯ 10 (SD) years at the time of hepatic adenoma resection with the age range from 19 to 56 years. All patients were negative for hepatitis B and C infections. Clinical history was available for 14 women, 9 of whom had histories of OCP use. One of the women without a history of OCP use presented with metromenorrhagia associated with an ovarian neoplasm, and the hepatic adenoma was an incidental finding. In addition, one patient had a history of ongoing androgen therapy for Fanconi's anemia (Case 13). Serum ␣-fetoprotein levels were available in 12 patients and were within normal limits for all.
Gross and Histological Findings
The adenomas were single lesions in 10 cases and were multiple in 5 cases. The tumors averaged 11 Ϯ 6 (SD) cm in diameter (range, 2 to 26 cm). Histologically, the tumors were composed of blandappearing hepatocytes with loss of normal architectural patterns, including the absence of portal tracts and central veins and the presence of scattered aberrant vessels. Six of the cases had pseudocapsules of compressed fibrous tissue, often containing large, dilated, and tortuous vessels. The individual hepatocytes were organized into cords of one to two cells in thickness. No nuclear or cytological atypia was seen, with the exception of Case 13, a patient with a history of androgen therapy. Mitoses were exceptionally rare in each case, with no mitoses detected in any of the cases in 50 high-power fields (400ϫ).
Immunohistochemical Results
As shown in Table 2 , 11/15 cases were positive for ER (73%), 11/15 for PR (73%), and 3/15 for AR (20%; Fig. 1 ). There was a positive correlation between immunostaining for ER and PR (P ϭ .03; Fisher's exact test). In about half of the cases (5/11 ER, 4/11 PR), the staining was diffuse, with positive cells sprinkled somewhat uniformly throughout the tissue, whereas in the remaining cases, the staining was distinctly patchy (Table 3) . In all but one of the cases, when the tumor was positive for sex hormone receptors, the nonneoplastic liver was also positive, though generally with a lower percentage of positive hepatocytes and never with a greater percentage of positivity. In a single case (No. 9), the tumor was positive for both ER and PR, but the nonneoplastic liver was negative. No cases were found in which the nonneoplastic liver was positive but tumor negative. These same observations also applied to AR, where a total of three adenomas showed a patchy distribution of positive hepatocytes.
Immunostains for ␤-catenin were positive in 7/15 (46%), 3 of which showed positive nuclei sprinkled throughout the neoplasm in a generally diffuse pattern, whereas the remaining 4 cases showed a patchy distribution (Fig. 2) . In two of the cases with a patchy distribution (Cases 9 and 11), the foci of positive hepatocytes were rare and made up Ͻ1% of the total hepatocytes. In the other two cases with a patchy distribution, the total percentage of positive hepatocytes was approximately 20% for each case. Six of the seven cases with ␤-catenin positivity were also positive for ER or PR (P ϭ .6; Fisher's exact test). No clear geographic correlation between ER/PR staining and ␤-catenin could be detected, though this was often difficult to evaluate, in particular in the cases where positive cells were scattered throughout the neoplasm. In the one case in which the ER, PR, and ␤-catenin all showed a patchy distribution, no clear geographical association was seen.
Two other interesting patterns of ␤-catenin positivity were seen. First, in case no. 13, foci of hepatocytes with atypia showed loss of the normal membranous staining of ␤-catenin with variable nuclear accumulation. Nuclear ␤-catenin accumulation was also evident in many of the adjacent neoplastic hepatocytes without atypia (Fig. 3) . Secondly, nuclear ␤-catenin accumulation was noted focally in the adjacent, nonneoplastic hepatocytes in two cases (Cases 14 and 15), both of which showed ER and PR positivity in the same areas (Fig. 4) .
Mutational Analysis
Direct sequencing of Exon 3 of ␤-catenin encompassing the GSK-3␤ phosphorylation region revealed no mutations. In addition, no large interstitial deletions were detected in the four cases studied. Sequencing of the mutational cluster region for APC showed no mutations. However, polymorphisms were detected in two cases, neither of which showed nuclear accumulation of ␤-catenin. The polymorphism in Case 2 was a T to A transversion at Codon 1442 and did not lead to a change in the amino acid. However, in Case 9, a base pair change in Codon 1454 did lead to a change in the amino acid sequence, from lysine to glutamine. The amino acid change was present in both the normal liver and adenoma and was interpreted as a polymorphism. The patient had no clinical evidence for a colonic polyposis syndrome. No 5q LOH was detected in any of the 12 informative cases.
DISCUSSION
Hepatic adenomas were exceptionally rare before the introduction of OCP therapy in the 1960s, and previous epidemiological studies have strongly linked OCPs to hepatic adenomas (5). Although newer formulations of OCPs appear to have a much lower risk for the development of hepatic adenomas (29), 11 of the cases in this series were resected in the last 5 years (between 1996 and 2001), underscoring the continued presence of these tumors as a clinical concern. Despite the strong causal association between adenomas and older formulations of OCP, the tissue link between ER or PR receptors and hepatic adenomas has been less clear. Early studies using biochemical methods led to mixed results (6, 7), although overall the weight of the evidence suggested that receptors were present. Two subsequent studies have been reported using immunohistochemistry and were again mixed, with one study reporting negative results (9) and the second reporting ER or PR receptors in one third of adenomas (8) . In contrast to these reports, 73% of cases in this study were positive for ER or PR by immunohistochemistry. This discrepancy may be related to several factors. First, this study included only cases fitting the classical clinicopathological definition of bland neoplasms in reproductive-aged women who typically had histories of OCP use. In contrast, other studies have included hepatic neoplasms that fall outside of the classic historical definition of adenomas, for instance, including bland neoplasms in men with no history of excess hormonal exposure (8, 9) . Second, only complete resections were included in this study, whereas others have included a mixture of resected adenomas, needle biopsies, and fine needle aspirates (8) . Immunostaining for ER and PR can be patchy in many adenomas, as noted in this and other reports (8) , and may have led to false negatives in specimens that were biopsied or aspirated. In fact, the truepositive rate may be even higher than detected in this study, as only one slide per resected specimen was stained. ER and PR receptors were also present, though typically to a lower degree, in the nonneoplastic livers in 10/11 cases in which the adenomas were positive, suggesting that the entire livers in these patients were potentially hormonally responsive. Finally, nuclear ER and PR staining was positively correlated, with most cases showing positivity for both hormone receptors.
A total of seven adenomas (46%) showed nuclear ␤-catenin accumulation, indicating activation of the Wnt signaling pathway. However, no ␤-catenin or APC mutations were detected. These results suggest that activation of the Wnt signaling pathway is important in a subset of hepatic adenomas but occurs through a different mechanism than that seen most commonly in other hepatic neoplasms. In fact, all three types of hepatocellular neoplasms appear to show activation of the Wnt signaling pathway through somewhat different pathways (Table 4) . First, in hepatoblastomas, the Wnt signaling pathway appears to be primarily activated through deletions and missense mutations in ␤-catenin, with some studies also indicating a role for truncating and missense mutations in APC (10 -13, 30 -32) . In contrast, hepatocellular carcinomas show predominately missense mutations in ␤-catenin, with only rare deletions and no evidence for APC mutations (15) (16) (17) (18) (19) (20) (21) (22) 33) . Axin I mutations have also been reported in hepatocellular carcinomas (23) but have not been studied in either hepatoblastomas or adenomas. Finally, the mechanism of activation of the Wnt signaling pathway in hepatic adenomas remains unclear. One possibility is that large interstitial deletions in ␤-catenin were present in those cases that could not be analyzed for large deletions because of the lack of frozen tissue. Hsu et al., in a study focused on hepatocellular carcinomas, also mentioned that large interstitial deletions of ␤-catenin were detected in two of five hepatic adenomas (21) . Mutations in the Axin I gene or other genes involved in the Wnt signaling pathway may also have been involved in some of the cases in this study. Although the entire APC gene was not sequenced in this study, APC mutations appear unlikely to play a significant role because no mutations were detected by direct sequencing of the mutational cluster region and no LOH was seen on chromosome 5q. Case 9 did show an APC transition in codon 1454 that resulted in an amino acid change, but this is of unknown significance because this change was also present in the patient's normal tissue. Searching the Thierry Soussi database of APC mutations (http:/perso.curie.fr/Thierry.Soussi/APC.html) revealed this codon to be occasionally affected by insertions and deletions, but no missense mutations were reported. Case 2 showed a polymorphism at codon 1442 resulting from a T to A transversion that did not result in an amino acid change. This polymorphism has been linked to Portuguese populations (34) and is also of unknown clinical significance. The Thierry Soussi database also has one reported case of a similar mutation in a benign sporadic colorectal adenoma.
Two of the cases in this study showed focal ␤-catenin nuclear accumulation in nonneoplastic hepatocytes. ␤-catenin immunostaining has been largely reported in the setting of hepatocellular carcinomas, and nuclear positivity in the normal liver tissue adjacent to hepatocellular carcinomas has not been previously reported to our knowledge. However, nuclear accumulation of ␤-catenin in non-neoplastic liver has been recently described in a rat model of liver regeneration, in which nuclear accumulation was detected at 5 minutes after hepatectomy in 100% of hepatocytes by immunofluorescence. The nuclear ␤-catenin rapidly disappeared but was detectable for up to 48 hours in a small percentage of hepatocytes (35) . These investigators also reported nuclear ␤-catenin positivity in cells with mitotic figures. Thus, the Wnt signaling pathway clearly plays an important and tightly regulated role in normal liver regeneration, and rare foci of nuclear ␤-catenin accumulation in normal hepatocytes are likely to be physiological. In contrast, the overexpression of ␤-catenin seen in the hepatic adenomas is unlikely to be physiological, as the degree of positivity was greater than could be accounted for by proliferation because the hepatic adenomas in this study showed a very low proliferative rate. Taken together, the combined results from this study and the studies discussed above suggest that the Wnt signaling pathway is important in normal liver regeneration and that abnormal activation of the Wnt signaling pathway plays an important role in a significant subset of all hepatocellular neoplasms that have been studied to date, though apparently through different mechanisms of activation.
The relationship between ER and PR staining and ␤-catenin positivity in hepatic adenomas is unclear. Although six of seven cases with ␤-catenin staining were also ER/PR positive, no statistical association was present and no obvious geographical correlation was discerned. Nevertheless, in other tissues, estrogen and progesterone have been shown to reg- ulate cytoplasmic and nuclear levels of ␤-catenin (25-27) and our results do not exclude an association. It is also of interest to note that a number of earlier studies on liver regeneration reported an important role for estrogens (36, 37) .
In conclusion, the Wnt signaling pathway probably is activated in a subset of hepatic adenomas through a mechanism other than ␤-catenin or APC gene mutations. ER and PR receptors can be detected in a majority of hepatic adenomas, though the staining pattern is often patchy. No correlation between ␤-catenin nuclear accumulation and ER/PR staining was detected. This study focused solely on hepatic adenomas arising in reproductive-aged women, most of whom had documented histories of OCP use. Hepatic adenomas arising in other settings were not studied, and further analysis would be required before extending these findings to such cases. [38] 
